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A Look at the Optical Properties of Nanoporous Gold 
 
 In this thesis we have concentrated on the conversion of electrical 
energy into mechanical one using nanoporous gold (actuation). Sticking to 
the underlying theme that  nanostructured metals could  convert one form of 
energy into another, it has recently been demonstrated by Halas and co-
workers that the unique optical properties of metallic nanoparticles 
(localized surface plasmon resonance) could be exploited to convert light 
into electrical power, so-called optical nanoantennas (Science 2011, 332, 
702-704). In their experiments, Halas and co-workers used an array of 300 
gold nanoparticles to convert light into an electrical signal. It is anticipated 
that further development of nanostructured metal optical antennas into 
affordable energy harvesting devices could be restricted by the relatively 
complex synthesis procedure of arrays of metal nanoparticles, a process that 
involves lithography techniques. Nanoporous metals are relatively easy to 
synthesize and to handle, the size of their microstructural features (ligaments 
and pores) can easily be tailored as we have demonstrated. Furthermore the 
optical properties of nanoporous metals are similar to those of metallic 
nanoparticles. Therefore nanoporous metals could be a better alternative to 
arrays of metal nanoparticles for solar energy harvesting. The exploitation 
of the localized surface plasmon resonance in nanoporous metals for 
technological applications requires a better understanding of these optical 
properties. This Outlook is aimed at investigating the light transmission 
behavior in thin nanoporous gold films.  
 
7.1 Introduction 
Light transmission by nanoporous gold (NPG) films is enhanced in the 
visible spectrum, the so-called Extraordinary Optical Transmission (EOT) 
effect attributed to the localized surface plasmon resonance in the ligaments 
and pores of nanoporous gold. This enhanced light transmission is 
characterized by two peaks in the optical spectra of free-standing 
nanoporous gold films: (i) a long-wavelength peak commonly associated to 
the localized surface plasmon resonance (LSPR) in the film [1]; this peak 
has been reported to redshift with increasing pores size [1]; (ii) a short-
wavelength peak attributed to the resonant absorption in the film [1], i.e. 
coupling of excited LSPR mode with light [2, 3]. The position of this short-
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wavelength peak has been reported to be independent on the size of 
ligaments and pores [1]. Here we present two experimental results on the 
optical behavior of free-standing NPG films that deviate from the above-
mentioned pictures: (i) rather than a permanent redshift of the long-
wavelength peak with increasing ligaments or pores size [1], a redshift 
followed by a blueshift is experimentally observed; (ii) in addition, while the 
long-wavelength peak shifts to the red with increasing ligaments or pores 
size, the short-wavelength one slightly shifts to the blue instead of being 
size-independent as recently reported [1].  
In order to get a clear insight into our experimental findings, the optical 
spectra of NPG films are investigated using the Bruggeman’s effective 
medium theory. Computed optical spectra based on this effective medium 
model are in good agreement with our experimental data. The growth rate of 
the ligaments is different from that of the pores [4] and consequently, neither 
just the size of the ligaments, nor the size the pores is sufficient for a good 
characterization of the optical behavior of disordered nanoporous metals. In 
fact, both ligaments and pores sizes should be taken into account. To do so, 
we introduce a pseudo-aspect ratio (AR) for the ligaments, a parameter that 
we define as the ratio of the average ligaments length (i.e. maximum width 
of the pores) to the average ligaments diameter.  
 
7.2 Materials and experimental procedures 
The NPG specimens investigated in this work were synthesized from 
white Au leafs precursors with compositions Au15Ag85 (at. %) and Au35Ag65 
(at. %), both having an average thickness of ~100 nm. Ag was chemically 
removed from the precursors by dissolution in concentrated nitric acid (65%) 
at room temperature [5, 6]. The final residual Ag content in the dealloyed 
structures was maintained below ~5 at. %. Note that a minimum residual Ag 
content in NPG is desirable for accurate optical spectra data. This is because 
the position of the LSPR peak for pure Au is different from that of pure Ag. 
Consequently, the higher the residual Ag content in NPG, the closer the 
LSPR peak comes to that of Ag [7]. 
 As we concentrate on the optical spectra as a function of the size of 
ligaments and pores, a wide range features sizes is desirable. These features 
sizes were obtained by coarsening the dealloyed NPG films in concentrated 
nitric acid, either at room temperature from 10 minutes to 30 hours, or at 
75
o
C from 5 minutes to 8 hours. The growth of the ligaments and pores 
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during acid and thermal treatments is driven by the minimization of the 
interface energy via reduction of the interface surface area [8]. 
The optical spectra of the NPG films were investigated using either a 
standard spectrometer for larger films (Perkin-Elmer Lambda 900 UV-Vis-
NIR Spectrometer) [7], or a microspectrophotometer for small films. As 
surrounding media, we used air or water. For measurement in air, a NPG 
film is simply deposited onto a glass plate substrate. For measurement with 
water as surrounding medium, the NPG film is sandwiched between two 
glass plates and water is introduced by capillary absorption. 
 
7.3 Experimental results and discussions 
7.3.1 Tailoring the feature sizes in NPG films 
During chemical dealloying, a white Au leaf entirely becomes porous 
within the first 10 minutes in concentrated nitric acid [1] and the 
corresponding ligaments and pores sizes are smaller than 10 nm. At this 
stage however, the residual Ag content in NPG is about ~10 at. % as 
investigated by energy dispersive x-ray spectroscopy (EDS). In order to 
reduce this Ag content down to ~5% or lower, the film is kept in acid at 
room temperature for 30 minutes, resulting in features sizes of about ~15 nm 
for the precursor with composition Au35Ag65 (at. %), and ~10 nm for the one 
with composition Au15Ag85 (at. %). These represent our starting 
microstructures. A first set of experiments was performed with NPG films 
obtained from the precursor with elemental composition Au35Ag65 (at. %). 
These porous films were coarsened in acid at room temperature for various 
time intervals ranging from 10 minutes to 30 hours. The corresponding 
average [4] feature sizes vary between ~15 and ~ 60 nm. Figs.7.1a and 7.1b 
displays typical changes in feature sizes as a function of the coarsening time 
for two different sets of NPG films. For each of these films, the average size 
of ligaments and pores were measured at various locations from the 
corresponding scanning electrons micrographs [4]. It can be seen that: (i) the 
growths of ligaments and pores are not reproducible during acid coarsening. 
In particular, feature sizes in Fig.7.1a are much bigger than those in  
Fig.7.1b; (ii) the growth rate of the ligaments is different from that of the 
pores in accordance with our previous report [4]; for instance in Fig.7.1a, 
ligaments growth faster than pores as depicted by the slopes of the 
corresponding linear fits. This behavior highlights the necessity to take into 
account both ligaments and pores sizes when studying the optical spectra of 
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NPG films as a function of the feature sizes. Note that in Fig.7.1a and 7.1b 
the size of the pores is smaller than that of the ligaments. This has to do with 
the way that these feature sizes are defined as illustrated in Fig.7.1c: while it 
is easy to measure the size of the ligaments from scanning electron 
micrographs (i.e. the average diameter of the struts) [4], it is not 
straightforward to measure the size of the pores because of their irregular 
geometry. Therefore, only pores with regular geometry (circles and ovals) 
were measured. These regular openings are much smaller than the pores with 




Fig.7.1: Evolution of ligaments and pores sizes during coarsening.  
(a, b) Typical changes in the size of ligaments and pores as a function of the 
coarsening time for two different sets of NPG films. It can be seen from the slopes of 
the linear fits in (a) that ligaments grow faster than pores. (c) Illustration of how the 
average size of the ligaments and pores were measured.  
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A second set of experiments was performed with NPG films also 
obtained from the precursor with composition Au35Ag65 (at. %), but 
coarsened in fresh acid at 75
o
C for various time intervals ranging from 5 
minutes to 8 hours. Advantage of the thermal coarsening in acid is that this 
process is faster than the room-temperature coarsening: ligament diameters 
of ~60 nm are readily achieved within 2 hours. The scanning electron 
micrographs of Figs.7.2a and 7.2b display two typical microstructures of 
NPG at the same magnification and scale, before and after thermal 
























Fig.7.2: Effect of coarsening on the microstructure. Typical microstructures 
of NPG at the same magnification and scale, before (a) and after (b) thermal 
coarsening in acid. 
(a) 
(b) 
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7.3.2 Effect of surrounding medium on the transmission spectrum 
In order to choose an appropriate surrounding medium, the effect of the 
surrounding medium on the optical spectra of NPG was investigated in the 
case of water and air. Figs.7.3a and 7.3b display the transmission spectra of 
two NPG specimens with different feature sizes, collected first in air and 
afterwards in water. It is seen that the short- and long-wavelengths peaks are 
separated when a solvent is used (water as surrounding medium) and they 
overlap when no solvent is used (air as surrounding medium). Therefore, we 
mainly focus on experiments with water as surrounding medium. 
 
Fig.7.3: Effect of surrounding medium on the transmission spectra.  
Transmission spectra of two NPG films with different feature sizes measured first in 
air and afterwards in water. Feature sizes in (a) are smaller than in (b). The short- 
and long-wavelengths peaks are separated when water is used as surrounding 




7.3.3 Blueshift of the long-wavelength peak with increasing ligaments 
diameter 
The first striking observation is the blue shift of the long-wavelength 
peak with increasing ligaments or pores size. Since the size of both 
ligaments and pores linearly increases when these features sizes are tailored 
as shown in Figs.7.1a and 7.1b, we chose here to plot the optical spectra as a 
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function of the ligaments size. Fig.7.4a shows the transmission spectra of six 
NPG samples with different average ligaments sizes, obtained from the 
precursor with composition Au35Ag65 (at. %) and coarsened in acid at room 
temperature. It can be seen that the long-wavelength peak initially shifts to 
the red with increasing ligament diameter [1]. However, as the ligament 
diameter further increases, this peak shifts back to the blue. The position of 
the long-wavelength peak as a function of the average ligaments diameter is 
displayed in Fig.7.4b. 
 
Fig.7.4: Blueshift of the long-wavelength peak with increasing ligament 
diameter (large film area in water). (a) Transmission spectra of six NPG films 
having different average ligaments sizes. The long-wavelength peak initially shifts to 
the red with increasing ligaments diameter. As the ligaments diameter further 
increases, this peak shifts back to the blue.  (b) Position of the long-wavelength peak 
as a function of the average ligaments diameter. These optical spectra were 
collected in water on large film areas (few mm
2
) and the NPG films were made from 
the precursor with composition Au35Ag65 (at. %). 
 
The spectra given in Fig.7.4a were collected using the spectrometer 
with incident light beam having a spot size of a few millimeters square. 
Consequently, the sample area exposed to the light beam is relatively large 
and this may suggests that local variations in the feature sizes of NPG as 
depicted by the error bars in Figs.7.1a and 7.1b can contribute to the 
blueshift of the long-wavelength peak. However, this is not the case because 
measurements of local optical spectra of NPG films using a 
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microspectrophotometer where the light beam has only a spot size of a few 
micrometers square also reveal a blueshift of the long-wavelength peak with 
increasing ligament diameter. Typical local transmission spectra collected 
using the microspectrophotometer are shown in Fig.7.5a and the 
corresponding peak position as a function of the ligament size is shown in 
Fig.7.5b. Here the NPG films were obtained from the precursor with 
composition Au15Ag85 (at. %) and spectra measurements were performed 
with air as surrounding medium. 
 
Fig.7.5: Blueshift of the long-wavelength peak with increasing ligament 
diameter (small film area in air). (a, b) Identical to Figs.7.4a and 7.4b, with as 
difference that the optical spectra were collected in air on small film areas (few 
µm
2
) and the NPG films were made from the precursor with composition Au15Ag85 
(at. %). 
 
7.3.4 Blueshift of the short-wavelength peak with increasing ligaments 
diameter  
A second striking result is the blueshift of the short-wavelength peak 
with increasing feature sizes. So far, this peak has been reported to be 
independent on the size of the ligaments and pores [1]. However, it can be 
seen from Fig.7.6a that it slightly shifts to the blue with increasing feature 
size, while in the meantime the long-wavelength peak shifts to the red. The 
transmission spectra in Fig.7.6a were collected on NPG films made from the 
precursor with composition Au35Ag65 (at. %) and coarsened at 75
o
C in acid. 
The simultaneous shifts of the two peaks in opposite directions are specific 
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to the optical spectra of metal nanorods. Indeed in metallic nanorods, the 
long-wavelength peak comes from the longitudinal LSPR in these nanorods 
(oscillation of electrons along the major axis of the ligaments) [9]; and this 
peak  shifts to the red with increasing AR of the nanorods [10]; in contrast, 
the short-wavelength peak comes from the transverse LSPR in the nanorods 
(oscillation of electrons perpendicular to the major axis of the ligaments) 
[9]; and this peak slightly shifts to the blue with increasing nanorods’ AR 
[10]. This similarity in behavior between the characteristic peaks of 
disordered NPG films and those of metal nanorods leads us to introduce a 
pseudo-aspect ratio for the ligaments, which we define as the ratio of the 
average ligaments length to the average ligaments diameter. We use this AR 
parameter to further investigate the optical spectra of NPG films from an 
appropriate theoretical model. Fig.7.6b illustrates how the AR of the 
ligaments is determined. 
 
Fig.7.6: Blueshift of the short-wavelength peak with increasing AR. 
 (a) The short-wavelength peak slightly shifts to the blue (up to 3 nm) with 
increasing AR, while in the meantime the long-wavelength peak shifts to the red (up 
to 32 nm) . The AR is defined as the ration of the average ligaments’ length to the 
average ligaments’ diameter. (b) Illustration of how ligaments’ length and diameter 
are measured. 
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7.4 Theoretical approach 
7.4.1 Model selection 
 The Gans theory for rod-shapes nanoparticles -which is the modified 
Mie theory for spherical nanoparticles- is a popular model for the 
investigation of the optical spectra of metallic nanorods dispersed in a 
solvent [9, 10]. A more general approach to the Mie and Gans theories is the 
Maxwell-Garnett (MG) effective medium theory [11-13]: the MG approach 
is appropriate for the investigation of the optical properties of nanoparticles 
with a given shape and surrounded by an arbitrary medium. Because the MG 
effective medium theory deals with nanoparticles that are isolated in the 
matrix of the surrounding medium (i.e. not interconnected) [11], it is not 
applicable to the ligaments in NPG films. In contrast to the MG approach, 
nanoparticles in a surrounding medium are allowed to touch each other in 
the Bruggeman (BM) effective medium theory [11]. Therefore, the BM 
approach is more applicable to the interconnected ligaments in nanoporous 
metals and will be exploited in this section for the computation of the 
transmission spectra of our NPG films. 
  
7.4.2 Bruggeman effective medium approach for NPG 
As starting point, the optical properties of a given material namely its 
refractive index n and its absorption coefficient k are related to the complex 
dielectric function ε of that material by the following relation [9, 11, 12]: 
 
  '''2  iikn   
 
In Eq.(7.1), ε’ and ε’’ are the real and imaginary part of the complex 
dielectric function, respectively. Knowing ε’ and ε’’, one can deduce the 
index of refraction n and the absorption coefficient k. The transmittance 
spectrum T and absorbance spectrum A of the material can then be computed 
from n and k in the case of normal incident light beam according to the 
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)(log10 TA   
 
In Eq.(7.2), d and λ represent the thickness of the material and the 
wavelength of the incoming light, respectively. Note that ε’ and ε’’ in 
Eq.(7.1) varies with λ; consequently, n, k, T and A are functions of the 
wavelength λ as well. The knowledge of the real and imaginary part ε’ and 
ε’’ of the complex dielectric function of the material is the only prerequisite 
for the computation of the transmittance and absorbance as it can be seen in 
Eqs.(1), (2) and (3).  
The optical constants of pure materials are well-investigated in 
literature: Figs.7.7a and 7.7b displays the complex dielectric function of 
solid Au and pure water, respectively, deduced from experimental data from 
references [14] for Au and [15] for water. In the case of a composite 
material such as NPG having its pores filled with water, the effective 
dielectric function εeff can be determined using the BM approach according 




















In Eq.(7.4), fm and fw represent the volume fractions of the metal (here Au) 
and the surrounding medium (here water), respectively; the sum of fm and fw 
is equal to unity. Note that fm is a measure for the relative density in 
nanoporous metals and it is emphasized that fm changes when features sizes 
are coarsened. Indeed, since the growth rate of the ligaments is different 
from that of the pores as shown above, it is obvious in the situation where 
ligaments growth faster than the pores that in the extreme limit the void 
space fraction will approach zero whereas the metal fraction will tend to 
unity. For our simulation, we take into account these changes in fm by 
assuming that the relative density is proportional to the ratio of the pores size 
to the ligament diameter (i.e. fm ~1/AR) [6]. Further in Eq.(7.4), εm and εw 
are the complex dielectric function of pure Au and water, respectively; here 
































Fig.7.7: Optical constants of solid Au and pure water are needed for the 
computation of the effective optical constant of the NPG/water hybrid material. 
Complex dielectric function of solid Au (a) and pure water (b) derived from 
experimental data from references 14 for Au and 15 for water. The real components 
are in black and the imaginary components are in red. 
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Finally, κ is the screening parameter which depends on the shape of the 
nanoparticles and also on the orientation of these particles with respect the 
electric field carried by light [11, 12]. Some specific values of κ are 2 for 
spherical nanoparticles and ~1 for long nanowires oriented in the direction of 
the light beam. It is emphasized that κ is a critical parameter with respect to 
the microstructure of the material because it carries information on the shape 
(i.e. AR) of the ligaments as it will be shown in this section. The ligaments 
in NPG are mostly elongated as depicted by the scanning electron 
micrographs of Figs.7.2b and 7.6b, which means that ligaments can be 
assimilated to nanorods. In this case, the screening parameter κ is deduced 
from the depolarization factors Pj [9], where the index j represents the three 




















































In Eqs.(7.6) and (7.7), the parameter e is related to the aspect ratio AR of the 








Having defined all these parameters, the effective dielectric function εeff of 
our composite film (NPG in water) can be derived from the Bruggeman’s 
expression given by Eq.(7.4). That expression is first rewritten into a 
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In Eq.(7.10), β is the first order term from the quadratic equation and  is the 
discriminant. The square root of   can be derived as follows: 
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In the above expressions, ’ and ” represent the real and imaginary part of 
the discriminant; x and y  represent the real and imaginary part of the square 
root of that discriminant. Finally, the complex solutions of the quadratic 






























In Eq. (7.17), β’ and β” represent the real and imaginary part of β. Note the 
existence of two possible solutions for the effective dielectric function as 
given by the two values of the real part (±x) and the imaginary (±y) of the 
square root of . The consistent solution εeff was obtained with +x and +y. A 
typical solution of Eq.(7.9), i.e. the effective dielectric function εeff of our 
NPG/water hybrid material is plotted together with the complex dielectric 
function of Au in Fig.7.8a, when j in Eq.(7.5) is equal to A, i.e. the principal 
axis of the ligaments is oriented along the electric field carried by light; and 
in Fig.7.8b when j in Eq.(7.5) is equal to B or C, i.e. the principal axis of the 
ligaments is oriented perpendicular to the electric field carried by light. This 
solution corresponds to an aspect ratio AR of 2 for the ligaments.  
 
 
Fig.7.8: Typical effective dielectric function of the NPG/water composite 
material for an aspect ratio AR of 2, plotted together with the complex dielectric 
function of solid Au. (a) The principal axis of the ligaments is oriented along the 
electric field carried by light (i.e. j=A in Eq.(5)). (b) The principal axis of the 
ligaments is oriented perpendicular to the electric field carried by light (i.e. j=B, C 
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The effective index of refraction neff and absorption coefficient keff are 





































The effective index of refraction neff and absorption coefficient keff of our 
NPG/water hybrid material deduced from the solutions plotted in Figs.7.8a 
and 7.8b are displayed in Figs.7.9a and 7.9b, respectively, together with the 
index of refraction and absorption coefficient of solid Au.  
 
 
Fig.7.9: Effective index of refraction and absorption coefficient of the 
NPG/water hybrid material for an aspect ratio AR of 2. The optical constants of 
solid Au are also plotted for comparison. (a) The principal axis of the ligaments is 
oriented along the electric field carried by light. (b) The principal axis of the 
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The transmittance and absorbance of our NPG/water composite film 
can be computed by replacing n and k in Eqs.(7.2) and (7.3) by neff and keff  
































Fig. 7.10: Computed transmittance spectra plotted for various aspect ratio’s 
AR ranging from 2.5 to 9.5. (a) Principal axis of the ligaments oriented along the 
electric field of light (longitudinal LSPR). The peaks shift consistently to the red. 
(b) Principal axis of the ligaments is oriented perpendicular to the electric field of 
light (transverse LSPR). The peaks shift slightly to the blue. 
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The transmittance spectra were investigated for various AR of the 
ligaments and it was found that: 
(i) A short-wavelength peak appears when the principal axis of the 
ligaments is oriented perpendicular to the electric field of light (transverse 
LSPR). 
(ii) A long-wavelength peak appears when the principal axis of the 
ligaments is oriented along the electric field of light (longitudinal LSPR). 
(iii) As the AR approaches unity, both short- and long-wavelength 
peaks overlap. 
(iv) When the AR increases, the long-wavelength peak consistently 
shifts to the red and in the meantime the short-wavelength peak slightly 
shifts to the blue. 
(v) When the film thickness d in Eq.(7.2) is varied, the intensity of the 
spectrum changes but the positions of the peaks are not affected.  
 
The above-mentioned observations on computed optical spectra of 
NPG based on the Bruggeman’s effective medium theory are in good 
agreement with our experimental results. In addition, the behaviors 
mentioned in (i) and (v) suggest that the short-wavelength peak does not 
come from the resonant absorption in the films as it has previously been 
reported [1]. Typical computed optical spectra are plotted in Figs.7.10a and 
7.10b for various ARs ranging from 2.5 to 9.5. In Fig.7.10a, the principal 
axis of the ligaments is oriented along the electric field of light (longitudinal 
LSPR); in Fig.7.10b, the principal axis of the ligaments is oriented 
perpendicular to the electric field of light (transverse LSPR). 
 
7.5 Conclusion 
Light transmission behavior in thin nanoporous gold films was 
experimentally investigated. Experimental results were further compared 
with computed transmittance spectra based on the Bruggeman’s effective 
medium theory. The localized surface plasmon resonance in the ligaments 
and pores of nanoporous gold enhances the transmission of visible light, 
resulting in two peaks in the transmission spectrum: (i) a long-wavelength 
peak arising from the longitudinal LSPR in the ligaments; this peak shifts to 
the red with increasing ligaments aspect ratio; (ii) a short-wavelength peak 
coming from the transverse LSPR in the ligaments; this peak shifts to the 
blue with increasing ligaments aspect ratio. 
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The plasmonic response in nanoporous metals could be exploited to 
convert solar energy directly into electrical signal as demonstrated by Halas 
and co-workers in the case of gold nanorods [16]. Advantages of using 
nanoporous metals include the facile synthesis route of the nanoporous 
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